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Matrix-assisted laser desorption ionization time-of-
flight mass spectrometry (MALDI-TOF MS) is widely
used for rapid and reliable identification of bacteria
and yeast grown on agar plates. Moreover, MALDI-
TOF MS also holds promise for bacterial identification
from blood culture (BC) broths in hospital laborato-
ries. The most important technical step for the iden-
tification of bacteria from positive BCs by MALDI-TOF
MS is sample preparation to remove blood cells and
host proteins. We present a method for novel, rapid
sample preparation using differential lysis of blood
cells. We demonstrate the efficacy and ease of use of
this sample preparation and subsequent MALDI-TOF
MS identification, applying it to a total of 500 aerobic
and anaerobic BCs reported to be positive by a Bactec
9240 system. In 86.5% of all BCs, the microorganism
species were correctly identified. Moreover, in 18/27
mixed cultures at least one isolate was correctly iden-
tified. A novel method that adjusts the score value for
MALDI-TOF MS results is proposed, further improving
the proportion of correctly identified samples. The
results of the present study show that the MALDI-TOF
MS-based method allows rapid (<20 minutes) bac-
terial identification directly from positive BCs and
with high accuracy. (J Mol Diagn 2011, 13:701-706; DOI:
10.1016/j,jmoldx.2011.07.00%)

Bloodstream infections and infectious endocarditis re-
main associated with high morbidity and mortality, even
though diagnosis and treatment have greatly improved.’
Rapid identification of the causative microorganism
and its associated resistance pattern is a prerequisite
for specific antibiotic therapy, which reduces mortality
for bloodstream infections. Blood cultures (BCs) are
still the gold standard for diagnosis of bloodstream

infections, despite the time delay to positive reading of
BCs [(time to positivity (TTP)], and despite frequent
negative findings in patients treated with antibiotics.?
During the last decade, culture media have been in-
tensively improved to enhance the cultivation of bac-
teria and yeasts, as well as to reduce TTP. Because
further improvements in TTP are difficult to achieve, the
focus is shifting to time for identification of microorgan-
isms from positive BCs cultures.

Biochemical differentiation of bacteria and yeasts
directly from positive BCs requires at least 6 to 8
hours,® and it is difficult to separate and correctly iden-
tify mixed cultures. Molecular methods such as mi-
croarray analysis (eg, the Prove-it sepsis assay; Mo-
bidiag, Helsinki, Finland) and fluorescence in situ
hybridization [eg, peptide nucleic acid- fluorescence in
situ hybridization (PNA-FISH); AdvanDx, Woburn, MA]
are costly, and are restricted to a preselected panel of
bacteria and yeasts.*~® Other molecular methods in-
clude real-time PCR and, more recently, broad-spec-
trum PCR coupled with mass spectrometry to identify
the amplification products.” A complex workflow and
the need for expensive instruments have limited the
availability of these molecular methods in routine
laboratories.

A few years ago, matrix-assisted laser-desorption/
ionization time-of-flight mass spectrometry (MALDI-
TOF MS) was introduced as a rapid and reliable
method for bacterial identification from plate cul-
tures,®® based on protein profiles characteristic for
each organism. This approach has been used to iden-
tify a broad spectrum of organisms, including Gram-
positive and Gram-negative bacteria, mycobacteria,
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yeasts, and molds.’™®~"2 The rapid and reproducible
MALDI-TOF MS technology occasions only minimal
consumable costs and has already replaced biochem-
ical differentiation in several microbiological routine
laboratories. More recently, MALDI-TOF MS has been
successfully used as a rapid method for the direct
identification of bacteria and yeasts from positive BC
bottles."® '8 The host proteins and blood cells have to
be substantially removed to reveal species-specific
protein spectra of bacteria and yeasts. Thus, the sam-
ple preparation of BCs for MALDI-TOF MS proves to be
a key step for the successful identification.

In previous studies, sample preparation protocols re-
lying on differential centrifugation were applied. Under
these protocols, collection tubes with separator gels are
used to separate bacteria and yeasts from blood cells.™®
Others have applied centrifugation and/or lysis of blood
cells by adding sterile water, trifluoroacetic acid, or for-
mic acid."®'® In the present study, we established and
applied an easy-to-perform sample preparation proto-
col (MALDI Sepsityper; Bruker Daltonik, Bremen, Ger-
many) in combination with a commercially available
mass spectrometry typing system (MALDI Biotyper;
Bruker Daltonik) for the rapid and reliable identification
of bacteria from positive BC bottles. Using the new
protocol, the time for sample preparation could be
reduced from up to 30 minutes to less than 10 minutes.
We evaluated this novel sample preparation method in
a prospective survey of 500 positive BC bottles over a
3-month period (Figure 1).

Materials and Methods

Blood Culture Procedure

A total of 500 positive BCs were consecutively collected
in a 3-month period and analyzed. All BCs were pro-
cessed using a Bactec 9240 blood culture system (Bec-
ton Dickinson, Heidelberg, Germany) and Standard 10
Aerobic/F and 10 Anaerobic/F blood culture media (Bec-
ton Dickinson). Once placed in the incubator, inoculated
bottles appeared positive between 6 and 24 hours. In
parallel with direct identification by MALDI-TOF MS, all of
the BCs were subcultured on agar plates, and identifica-
tion of subcultured isolates was performed.

Preparation of Bacteria for MALDI-TOF Analysis

Sample preparation of the positive BCs was performed
using the MALDI Sepsityper kit (Bruker Daltonik) accord-
ing to the manufacturer’s instructions (Figure 1). Techni-
cians of the routine laboratory staff performed the MALDI-
TOF MS measurements for the present study. All of them
are well trained with the MALDI-TOF MS system and have
2 years of experience using the instrument and the soft-
ware. In brief, culture fluids (1 mL) drawn from positive
BC bottles were transferred to a 1.5-mL reaction tube
(Eppendorf, Hamburg, Germany). After addition of 200
uL of the lysis buffer, the sample was mixed using a
vortex shaker for 10 s and then centrifuged for 1 minute at
17,900 X g using an Eppendorf 5417 centrifuge (Eppen-

dorf, Germany). The supernatant was discarded and the
pellet was resuspended in 1 mL of washing buffer. After
a second centrifugation step (1 minute at 17,900 X g), the
supernatant was discarded and the pellet was sus-
pended in 300 uL of distilled water.

Extraction of Bacteria for MALDI-TOF MS
Analysis

After addition of 900 ulL ethanol, the sample was centri-
fuged at 17,900 X g for 2 minutes. Supernatant was
discarded, and residual ethanol was removed after re-
peated centrifugation. The pellet was suspended in 30
wnL of 70% formic acid. Acetonitrile (30 ulL) was added,
and the sample was mixed using a vortex shaker and
briefly centrifuged.

Matrix Preparation and Spotting the MALDI-TOF
Plate

The MALDI-TOF a-cyano-4-hydroxycinnamic acid matrix
was prepared daily as a saturated solution in 50% ace-
tonitrile and 2.5% trifluoroacetic acid (TFA). Subse-
quently, 1 ulL of the extract of the sample to be analyzed
was spotted onto a steel target plate (Bruker Daltonik)
and allowed to dry. Next, 1 uL of matrix solution was
added and air dried. The target plate was then placed
into the MALDI-TOF MS apparatus.

Differential centrifugation New Lysis Protocol

protocol MALDI Sepsityper Kit
Harvest 2-4 mL blood culture Harvest 1. mL blood culture
liquid (serum seperator liquid in an Eppendorf tube
! tube) 1 min
@ Centrifuge (10 min., 500 x g) 1
10 min
1 Lysis  Add Lysis Buffer and mix
Sedil on gel: pend Buffer 30 sec
in 1mL a.d. and transfer in
Eppendorf tube l
1 @ Centrifuge (1 min., 17.900 x g)
discard supernatant
@ Centrifuge (3 min., 300 x g) 1 min
low speed 1
1 3min Washing
Buffer  Add Washing Buffer and mix
Supernatant in new l 1.5 min
! Eppendorf tube
Centrifuge (3 min., 17.900 x @ Centrifuge (1 min., 17.900 x g)
@ g) discard supernatant discard supernatant

Total time 45-50 min

3 min

time — 25 - 30 min

1

1 min

time — 5 - 10 min

1

Extraction protocol (15 min)

1

Including
MALDI-TOF:

{

20-25 min

Figure 1. Workflow for the differential centrifugation, a commonly used
sample preparation technique for MALDI-TOF MS of positive blood cultures,
and a new lysis protocol, MALDI Sepsityper.



Calibration and Spectral Measurement

Samples were evaluated using a Microflex LT mass spec-
trometer (Bruker Daltonik) in linear positive-ion mode
across the m/z range of 2 to 20 kDa. Each spot was
measured by using 240 laser shots at 60 Hz in groups of
40 shots per sampling area of the spot. Spectra were
analyzed by using MALDI Biotyper software (version 3.0)
(MALDI Biotyper Library version 3.1.1.0; Bruker Daltonik),
which includes a proprietary algorithm for spectral pat-
tern matching that yields a logarithmic score from 0 to 3.
For identification of bacterial colonies on agar plates, the
MALDI Biotyper manufacturer recommends that score
values be divided into three intervals; a log(score) of
=2.0 is mainly considered to be the threshold for a match
at the species level, a score of 1.7 to 2.0 indicates a close
relationship (at least at the genus level), and a score of
<1.7 indicates a non-reliable identification.®'® The ap-
plicability of these criteria for the direct identification of
BC isolates was evaluated as part of the present study.

All direct identifications of positive BCs by MALDI-TOF
MS analysis were compared with those obtained from
single-colony cultures on agar plates. These cultures
were then analyzed by MALDI-TOF MS, as well as by
standard biochemical identifications, which included ox-
idase, catalase, a commercial identification strip system
(API; bioMérieux, Nurtingen, Germany), and the Phoenix
automated system (Becton Dickinson, Heidelberg, Ger-
many). In the case of noncongruence between MALDI
and biochemical typing and mass spectrometry finger-
printing, full-length 16S rRNA gene sequencing was per-
formed and the results were compared with annotated
sequences from the NCBI GenBank database. For this,
we performed PCR using the universal prokaryotic prim-
ers fD1 (5'-AGAGTTTGATCCTGGCTCAG-3") and 800r
(5'-CTACCAGGGTATCTAATCC-3'), as described previ-
ously, to amplify a 796-bp segment corresponding to a
part of the 16S rRNA gene (corresponding to Escherichia
coli positions 8 to 803; CP000948.1).2° The nucleotide
sequences of both strands of the amplified DNA fragment
were determined at Eurofins MWG Operon (Ebersberg,
Germany) using an ABI Prism 1.1 BigDye sequencing kit
and an ABI 3730 DNA analyzer (Applied Biosystems,
Foster City, CA). Nucleotide sequence analysis was per-
formed using Lasergene software version 8.0 (DNASTAR,
Madison, WI). The results were compared against the
GenBank database (http://www.ncbi.nlm.nih.gov) using
BLAST algorithms and against the Ribosomal Database
Project (RPD-II; Michigan State University, East Lansing,
MI). A 98.5% sequence similarity was chosen as the
cutoff value for species identification.

Results

In three consecutive months, 500 positive blood vials
were analyzed, of which 483 were monomicrobial. (Table
1). Among these 483 monomicrobial BCs, we identified
98 as Gram-negative (GN) and 358 as Grampositive
(GP), as well as 17 fungi, representing 30 genera and 53
species or groups. We first applied the score values
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proposed by the manufacturer for identification of bacte-
rial colonies on agar plates by MALDI-TOF MS. Because
we were not satisfied with the results obtained, we ap-
plied a modified interpretation rule for BCs, as previously
described for the differential centrifugation method.
This adapted rule takes into account score values and
the identity of consecutively proposed identifications (Ta-
ble 1). We compared results for the two different rule sets
by retrospective analysis of the data. We were able to
demonstrate that the cutoff score values could be low-
ered to =1.5 and still provide accurate identification. In
the case of a score value between =1.5 and <2, we
could obtain correct species identifications if the first
three proposed results were identical. Thus, applying the
modified interpretation rule for BCs, we were able to
correctly identify 86.5% of the BCs, compared with 60.7%
if using the original manufacturer’s protocol. Within all
groups, no identifications diverged from those obtained
from subcultures. The improvement of the identification
rate using the new score interpretation rule differed
across groups. For Gram-negative bacteria, the identifi-
cation rate rose from 85.7% to 89.8%. The improvement
of identification rates was even more pronounced for
Gram-positive bacteria and yeasts, with a shift from
54.5% to 86.3% and 47% to 70.6%, respectively (Table
1). Gram-positive bacteria and yeasts are generally more
difficult to identify by MALDI-TOF MS. In most cases, the
identification scores obtained were generally lower than
those obtained with Enterobacteriaceae, as has been
reported from studies using MALDI-TOF for direct iden-
tification of bacteria and yeasts in positive BCs. These
lower scores may be due in part to the more compact cell
walls in Gram-positive bacteria and yeasts, compared
with Gram-negative bacteria, or to the different growth
behaviors, which can lead to differing amounts of BC
proteins within isolated bacterial clusters.

In 89.8% of Gram-negative bacteria and 86.3% of
Gram-positive bacteria, identification was correct at the
species level (Table 1). Enterobacteriaceae constituted
15.2% of all species found, Staphylococcaceae consti-
tuted 59.9%, Streptococcaceae and Enterococcaceae
together constituted 11.6%, nonfermenting Gram-nega-
tive rod bacteria constituted 4.2%, and fungi constituted
3.6%. In 25 of the 27 polymicrobial samples, at least one
of the species was correctly identified (92.6%). Five iso-
lates remained misidentified as Streptococcus pneu-
moniae, all belonging to Streptococcus mitis. Yeasts
from positive BCs were less accurately identified by
MALDI-TOF MS. In 17 BCs positive for Candida and
Geotrichum species (5 C. albicans, 7 C. glabrata, 1 C.
quilliermondii, 2 C. parapsilosis, and 2 G. capitatum), 12
microorganisms were identified at the species level
(70.6%). This identification rate of Candida and Geotri-
chum species from positive BCs is superior to that of a
previous study using a differential centrifugation pro-
tocol.’ In that study, 18 BCs positive for Candida spe-
cies were investigated; no microorganisms were iden-
tified at the species level, and only 1 of the 18 (5.6%)
was detected at the genus level.’*
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Table 1. Identification of Bacteria and Yeasts from Monomicrobial Positive Blood Cultures by Means of MALDI-TOF MS and a Novel
Sample Preparation Protocol Using (A) Manufacturer’s and (B) Adapted Interpretation Thresholds

Threshold A [no. (%)] Threshold B [no. (%)]

|dentification

Isolates [no. (%)]

|dentified

Not identified

|dentified

Not identified

Gram-negative

Enterobacteriaceae
Citrobacter koseri
Enterobacter cloacae
Escherichia coli
Klebsiella oxytoca
Klebsiella pneumoniae
Morganella morganii
Proteus mirabilis
Salmonella enterica
Serratia marcescens

Nonfermenting bacteria
Acinetobacter baumannii
Burkholderia multivorans
Pseudomonas aeruginosa
Stenotrophomonas maltophilia
Haematobacter massiliensis

Others
Aggregatibacter aphrophilus
Bacteroides fragilis
Fusobacterium necrophorum

Gram-positive

Staphylococcaceae
Staphylococcus aureus
Staphylococcus capitis
Staphylococcus caprae
Staphylococcus epidermidis
Staphylococcus haemolyticus
Staphylococcus hominis
Staphylococcus pettenkoferi
Staphylococcus saccharolyticus
Staphylococcus warneri

Streptococcaceae
Enterococcus faecalis
Enterococcus faecium
Streptococcus anginosus
Streptococcus gordonii
Streptococcus mitis
Streptococcus oralis
Streptococcus pneumoniae
Streptococcus salivarius

Others
Micrococcus luteus
Rothia mucilaginosa
Paenibacillus amylolyticus
Brevibacillus borstelensis
Bacillus cereus
Bacillus licheniformis
Corynebacterium amycolatum
Corynebacterium coyleae
Corynebacterium glucuronolyticum
Corynebacterium jeikeium
Corynebacterium pseudodiphtheriticum
Listeria monocytogenes
Brevibacterium paucivorans
Propionibacterium acnes

Fungi
Candida albicans
Candida glabrata
Candida guilliermondii
Candlida parapsilosis
Geotrichum capitatum
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*These Streptococcus mitis isolates were misidentified as Str. pneumoniae. The necessity to differentiate Str. mitis and Str. pneumoniae by a further test
is indicated by the manufacturer of the MALDI Biotyper system (Bruker Daltonic, Bremen, Germany).



Discussion

MALDI-TOF MS is well suited for identification of bacteria
and yeasts from positive BC bottles. Compared with the
biochemical method of identification for bacteria and
yeasts from positive BCs, the use of a MALDI-TOF-based
technique saves between 6 and 12 hours for Enterobac-
teriaceae and up to 48 hours for anaerobic bacteria. The
novel sample preparation proposed here is rapid and
accurate. It requires only two centrifugation steps, with
volumes of 1 mL, and all centrifugation steps are per-
formed in a single tube in the same centrifuge. This
approach reduces hands-on preparation time from the 25
to 30 minutes reported from previous studies'> "® down
to 5 to 10 minutes, which is compatible with the workflow
of a routine microbiology laboratory (Figure 1). The work-
flow of the novel sample preparation method is more
convenient, saves the time of laboratory personnel, and
enables the use of MALDI-TOF MS in daily BC culture
diagnostics. Established and published methods for pre-
paring positive BC samples for MALDI-TOF MS apply
differential centrifugation with up to five different centrif-
ugation steps. Other protocols of differential centrifuga-
tion suggest the use of serum separator tubes with a gel
at the bottom of the tube to separate bacteria and yeasts
from blood cells."® " Published sample preparation pro-
tocols relying on the lysis of blood cells either use up to
four centrifugation steps or work with sample volumes as
large as up to 40 mL."® 87 We believe the new protocol
is more suitable for the use in routine laboratory diagnos-
tics. Moreover, the majority of the published protocols
provide MALDI-TOF MS results with a correct identifica-
tion rate of <80%. Here we describe for the first time a
convenient and easy-to-use sample preparation method
that leads to MALDI-TOF MS identification rates of >85%,
including organisms difficult to analyze, such as Gram-
positive bacteria and yeasts.

Compared with the costs of sample preparation by
differential centrifugation using serum separation tubes
($2 to $3, USD), the Sepsityper kit is about twice the
price. Using the MALDI-TOF MS for identification of bac-
teria and yeasts, a comparison of the measured mass
spectrum with entries of the database is given as a rank-
ing list. The best matching database entry, which reveals
the highest score value of comparison, represents the
identified species. Up to 10 hits are given in the ranking list
of a single measurement. As observed earlier by others,'”
and also in the present study, MALDI Biotyper sometimes
proposes correct identifications with scores of <1.9. After
comparing the results of the direct identification of positive
BCs with those obtained from subcultured isolates, we de-
cided to take a lower score value into account so long as the
first, second, and third best match from the ranking list refer
to a single species. Thus, adapted thresholds of MALDI
Biotyper identification score values as low as 1.5 could
successfully be implemented.

By applying the adapted thresholds we obtained
86.5% correct identification out of the 500 positive BCs
used. Because the estimate of percentage correct iden-
tification using the new rule is obtained using the same
data from which the rule was derived, the estimate is
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statistically biased and may be significantly higher than
would be obtained if an independent validation set were
used for testing the new rule. However, no false identifi-
cation on the species level was observed, with the ex-
ception of inaccurate identification of five Str. mitis iso-
lates as Str. pneumoniae. The misidentification of these
two closely related species is a known drawback of
MALDI-TOF MS-based methods, one that has been de-
scribed previously for BC identification and that can be
explained by the very close phylogenetic relationship of
the two species.'”'®2! Of note, Str. mitis isolates have
been misidentified as Str. pneumoniae, but not vice versa.
This is probably a result of the database design, which
does not allow Str. pneumoniae isolates to be missed.
Thus, additional tests such as a bile solubility test directly
on the BC broth or antigen tests should be applied to all
those organisms identified as being Str. pneumoniae by
MALDI-TOF MS."” This is also advised by the manufac-
turer of the MALDI Biotyper system.

Further studies are needed to prove universal validity
of our proposed method for adaptation of score value
thresholds. One may argue that the correct identification
rate of 86.5% is too low for clinical use. We propose that
the technique of species identification directly from pos-
itive BCs using MALDI-TOF MS described here should be
envisioned as the first step in a two-step system. The first
step is early identification directly from the positive BC
bottle. The second step, on the next day, is identification
of the residual 13.5% of (subcultured) samples that have
not been characterized in the first step. Thus, samples
that have failed the first step are not lost, but are pro-
cessed as before, with the result that exact and correct
species identification is achieved for 86.5% of the bac-
teria and yeasts in less than 30 minutes after the BC
bottle has been reported to be positive. This is up to 2
days earlier than with conventional protocols. Thus, im-
portant information for patient treatment is available much
earlier, which makes the technique suitable for routine
diagnostics. A limitation of the present study may be the
bias of a restricted spectrum of species identified (the
included data set samples were obtained solely from a
university hospital).

In summary, the use of the novel sample preparation
for MALDI-TOF MS to identify blood culture isolates di-
rectly from positive broth cultures is accurate and rapid.
It provides a decreased turnaround time for identification
of bacteria isolated from blood cultures, making this tech-
nology suitable for routine diagnostics. Thus, this novel
sample preparation technique combines a rapid and reli-
able identification of septicemia-causing bacteria and
yeasts with easy performance and low additional costs. This
technique can allow for more rapid identification of infecting
microorganisms and treatment options in infectious dis-
ease, thereby preventing inappropriate treatment of pa-
tients and unnecessary use of broad-spectrum antibiotics.
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